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rc.lricvcd ft’(Ml)  11 IC ]Jlatf(M’11’1 d:il:l CWll IW Viii  i (I:tk’(1. ‘J’lmmfm:,  i[ i s  itlip(ulanl  Ilml lhc rclticwtl

])1’OCC.SS,  J)C1’fol”lllCd  011  thC. ~1’ollll(]-  l) HSC(t  l’~~.fkT[tilKW  II) C:ISIIIL’lIIC.I1[S  [() COITC.C(  fol” a(llios]l]lc.lic

cffcc[s, k :is accumlc as ]msibk.  ‘1’his comclim is mquitd  hc.cause difl’usc sk y I fidiatm  itlcidcnt

uJmlI Ilm sdacc ]csulfs  in a diffc.mnt an~,ulaI  distribulio]l  of llIc Idlcclcd  radiance dative. to what

would k olmcIvcd in llm pc.set m of only ditwl  illul niw{{ ion.

1 II this I)apc] wsul[s  of a slud y aI-C  ]mxcnlcd colIcc.IIK3d wi[h h sutfacc Idklat  ice I cllicval

]mm.ss and solIIc of II)c.  issms wl~ich  calI affcd its accuracy.  ‘1’lm accut’acy  isstm fall into Iht-cc,

bas ic  Calcgolics:  I$adiolnclric  Calitmliml of lhc. sclmr, ktwwlcdgc  of lhc a(tnospllclic  c(ndi(i(m,

aIId co II I1)]c.lcIIc,ss  o f  IIIC an f,u]ar p,C.OIIIClI-y  of IIIC III C,;ISLII”C,I  II C,IIIS.  ITI this study rtddim~clrk!

Calihaliol]  of the scmsor and ktl(wlc(lp,c.  of tlm altliosJklic condition itli(ially  aIc  assutmd  10 k

]mfcc[, atld tlIc  focus  is cclllcmxl  on llm dc.~,mda[ion  of KWicval  ticc.umcy duc 10 a lill~ikxl  I fil]~c  of

al Igular  gcoIIIcWy assoc. iakxl will]  tlm mc.asurc  II Ic]Il  scl.  ltI patlicwlar,  silnula[cd surfidcc. rdlccltihcc.

dala sc.ls al-c cxmsttmXcd u[ili7itlg  a  coup]cd  sLIrfiIcc-:tlII}  c)sl)lIcILl  rwlialivc  Ilansfcl  cork and

illcJtdill~  malis[ic  sLIIfacc I)idiw.clional  rcflcctalwc.  disit’ilmlion futmtions  and altnos])hc.lcs with

IIiulliplc  scalkting  acxmols.  ‘1’hcsc data scls,  collIJ)u[cd  for sclcckxl  view zctiith  finglcs,  solaI”  mllilh

aIIgJc.s  atd m]alivc,  a~,ilnutl]  aIIg]cx,  IIICJI atc u s e d  in sut’fxc,  dkclancc Wt”ic.val  hl~orithtns

c.llll}k~  yil Ig various dqycc.s of a])proxilnali  (m. ‘j’llC(  lCj)C.Jl(lL’1lCCC)ft  ]lCJL3tt”iC.V:ll  :tCClll”tiCiC.S  [)ftllCSC.

Vatious  algol”itll]lis  011 altt]osphclic  Jq)c.rlics  and sun lmsition  i s  itlvcsligatcd  for a numhcd o f

dil’fcm)l  trial cases. ‘J’hc issue.s of ra(liomc.(rk calilwati(m an(l ktmwk(lgc  of k almos]hxk

]mpctlics and Illcir  cffc.cl olI swfacc WI rkvdls  at~’ also considmxl iii SOIIIC dclai  I.

1 ‘or a radiot  [MXticall  y calituatcd  instwlmmt,  tlm IIumsuIcd diwcliollal]y  wflcc[ccl  Iadialm  1, al

1’ (1JI’  d(j’ (1)

$(, is llw view i=t7,imullml

at]glc.  wilh rcspc.ct  lolllcJ)l’itlciJ):ll  jdalwof tljllsllll.  ”l’llcc(~llvc.llli(  ~ll -1! timl-tln ist~sc,(i  fol’llJ)v)c,llillg

and downwc.lling mdialion wspcclivc]y.  011 the. li~l~t-lltill(l-si(lc  of (1)  IYC is the total  (dimcl atd

dowlIward  diffuse.)  radiancm  incidcml  on tlm suIfwx titld r is [lIc  hidimctional  mflcdancc  fidctor

?



(11)< 1’) of Inc. surface  Iarg,c.1. ‘1’hc IIRIJ of the. smfacc Wgcl is dcfitd as lhc bidirectional rc.flcc[mcc

diStributioJl fllnctioll  (]]]{ ])];,)of  l]lCl:tl”gCll:ilioCCi  tot}lc]]  ]~~>];{)  fallicic,al  ]alntwrlian  Scatlcling

surfacc(cqual  to I/n) (Nicodcmusct  al,, 1977). It is assumccl in Ibis study  that there is sufficic.nt

knowledge of the state of the atmmjdwm such that the attll{)s]}llrrc-(  lcr)cl](lcjlt  function I}’ic in (1 )

Cal] bCC.~kU]~tCX~ to N] aJ’bitl”a~y (k~l”LX! Of aCCUlaCy.  ‘] ’hCn, ~iVCn  ],al a nUIHbCTof  (]iffCll>nt  ViCW

at Igkx,  tlm ])roblcwi is 10 rctricwc 7, tlm only ullknmvll ]mralnclcl, at the sanwvicw  an~lcs as 1,.

“1’hmc arc a nwnbcr of instrmcnls  availahlc  which can nmasurc dire.ctionally rcflcclcd radiation

at tlm surface. (Jim instrulncnt  in particular, the l’orttib]c Apparatus for Rapid Acquisition of

IIidircdiona]  observations of the. I and and Attnosphcrc  (1’ARA1{OI .A), has bccl]  used in a nulnbcr

(~ fficl(l  st~l(lics  (l>~?clitlgall(l  lmmc, 1986). lt is an a[ll()lllatc(l,  lll()lC)l:i7jc(l  racli()lllclclv  ll]iclltakcs

d:itaill tl~t-cC  w:ivclcllgtl~b  arlds(66(l,825,  al~(l 1655nlll) an(lsyslclllatically nlakcsnlc.as~lrclllc1lts

over both the. down ward and tlpwar(t  hcmisphc.rcs  wi III a 15° fic,ld-of-view. ‘1’hc. PA RAIIO1 ,A data

firr.  usually cxpmsscd  as cxpcrimcntal  directional Juftcdancc factors (m more prccisc.]y,

l~cl~~is])l)clic:  il-col~ic:tl  rcflcctancc fi~ctors  for non-isotropic incident radiation (Nicodcmus ct al,,

1977)), obtained hy mtioing  the radiant flux with the instrument’s ficl(i-of-view rc.ftcctcd from the

surface target to a rcfcrcncc radiant flux nmsurcd  at csscmtial]y the same time. ‘1’his rcfcrmcc

radiant flux usually is either the rcflcctcd  radiant flux in the nadir dirccti on from a calitwatcd

IIc.:ir-l:ill-it)crliall  (e.g., IMM)4  or halon)  rcfcrcncc pane] or 1/n times Ihc illcidc.llt  irdiancc at the

surfwm, a quantity derived frolll the Ll])vl:ilcl-lookillg”  hmlisplmrc lIicas~llt:lllcllts  (downward diffuse

radiance) and ancil 1 ary sun photometer data (dircd  Soliil” i rradiancc).

Ohm illstruJncnts  have km used ilj the field to mcasm dirccticmnlty  rdlcctcd radiation at Ihc

surface tmt the, angular cove.rasc was usually rest rictcd in comparison to I’Al<Al 101 .A. 1 @r

example, Starks  ct al. (1991) used an MMR (Modular Multihand  Radiotnc.tcr)  in the l;ll~ll

calnpaigi  I to nmasurc  rc.flcdcd radiation from ]mai ric vegetation bu[ the vim’ zenith al]glc range

was limi[cd 10500 cm both sides of nadir and the aziinutl] ang]c cwvcrtigc was only in tllc principal

plane of [he sun. in this study ol)ly those l]lc:tslllcll]c.llts  sets which exhibit relatively colnplctc  sky

covcragc like I’ARAIIO1 .A arc considered.

l{ Jt’J’RIIWAl.  Al ,Goltl’J’I lMS

‘1’hc surface 111<1;  rctricva] algorithm dcscrihcd  hcm maim usc of an iteration approach which

can accommodate. the full hemispheric an~ular  covcragc of }’ARAIIO1  ,A-like instrunwJ~ts.  in

order that lnu] lipk rcfkct  i ons of radiat ioJl bclwccn t hc surface and the atnlosphcrc,  can be, taken
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full y into account in the. algorithm, it is assunid that the mfkction pmpcr[icx  of the terrain

surrounding the target area arc the s[inw as the target atca. ‘1’bus, rcflcclancc nmasurcmcnls arc

assumcdtobc  r~~a(lc[)ll:if:~illy  homogeneous surfaccrcgion  with stlfficic]~tl~ori~,ol}tal  cxtc.nt.

l<ig(}rot]sn]l]}roacl]

in the first slcp of

sc.parald  into its dircd

lhc algorithm dcvclopmcnt,  the rdiancw  inci(icnl  orl lhc surfacclPCis

aJld (\iffllSC!  C(MIlpOIWJltS,  a]]OWiJlg  (1) t(l bC WIitk,Jl  as

will]  l.~~ as Ihc diffuse c(Mnponm[  of the downward radiance at lhc surface..

Using (2), the nth itcralicm of lhc rctricva] algorithm  for r then can bc formally writlem  as

1.(’ p, }10, & ($)()) - L:;’) (- jl, po, @ Q())
y 0)(-11, po, $--$0) = -“”—————  . ..—. . . ..-.  -”.  —.....  —- .-——. .——..  . . __ (4)

Whcl”c? l.(lyr‘“-]  ) is COJNpUkXi  usirlg  the (n -1 )th ikmtion  of r in (3). Various cxprmsions for the. initial

cstimalc of Ihc 111< 1;, do), can bc derived depending o]] the assumptions used. ‘1 ‘hc simplest form

assunm thal the (iowJI ward  diffuse r“adiancc is ncg]igi b]c compard to the, dircd downward

radiance and that attllospllc,rcj-st]lfi~cc  rc.flc.clions  can bc ignorcxl.  ‘J’hcn solving for r directly,

(5)

1 ‘or subscqucnl  iterations ],j~ in (3) must hc updated in addiliol]  to r, .since the downward diffuse

radiance, ficl(l  normally inc]udcs  multiple reflections bdwccn  the surface and the atn~osphcrc.

‘1’bus, for example, l.j~l  ) in (4) is cxmpuld  from (3) whcm l,j’~  uses r (“-1) to dcscribc the surface. .

I]RIJ.

Note that r, dcscrikl  by (4) or (S), is cva]uatcd  only at the rcflcctancc (view) anghx and

incidcJlcc  (sun) angle of the patlicular nwasurcnvmt  set. ‘1’0 update l.,/,y , hoWCWC~,  r Ji_IUSt  bc

cvah~atcd ovw the compktc  IaJIgC of the rcflcctancc an(l incidcncc  zenith angles and azimuth

4



angles to perform the inkgraticns  as defined in (3). ‘1 ‘hc updating of Lj$fi, in parlicu]ar, mqui m

that r bc evaluated at rcflcclancc and incidcnm zjcnilh  ang]cs defined for gaussian  quadrature

integration, ncccssary when accounting for (hc atmosphere-surface intcracticm.  If the rcflcctancc

mcasurcmcnts 1. arc made with an ins[rumcnt  like PARA1l  01 ,A, the downward diffuse radiance.

l.~fi  also is measured and can bc directly inscr[cd in (3) thus bypassing the prmcss  tc compute it.

]Iccausc of the hemispheric angular covcragc of Ihc mcasurcmcnts, the evaluation of r al the

sclcclcd  rcflcc[ancc  zenith angles and ax,imuth angles requires only the usc of standard

intcrpo] ation procedures. ‘J’hc cvaluaticm of r over the full range of incidcncc mrith angle,

howcvhr,  can hc accura(c]y  accomplished only if observations of a surface target arc made at a

number of different solar zenith ang]cs.  These mul[iplc  (distinct solar zenith angle) data SCM then

should bc analyzed together so that the individual cstirnatcs  of r at the different solar mnith angles

using (4) or (5) can bc irrtroduccd  into (3) m compute l.,l,u which then is used in (4) in the, nc.xt

iteration of the individual da[a sets. 1 lcpcnding on the number of sufficicntl  y unique sun angle

nmasurc.mcnt sets, a lincm or cubic splint tcchniquc  gcncral]y  is employed to in[crpo]atc  or

extrapolate the iterated cstimalcs of r at the di ffcrcnt solar zmith  ang]cs to gaussian  quadrature

incidcncc  zenith angles for use in (3). lf only a sing]c sun ang]c mcasurcmcnt set is available, r is

assumed to bc indcpcndcnt  of incidcmc zenith angle.’1 ‘hc accuracy to which L(lW can bc computed

obvious] y depends on the accuracy tc which the incidcrrcc  zcni th ang]c dcpcnclcncc  of r can bc

cstitnatcd  and thus directly affects the ultimate accuracy to which r can bc rctricvcd.

Using (4) as cxprcsscd above, the i[cra(cd cstirnations  of r generally tend to oscillate about the

solution, normally resulting in a rclativc]y  slow convcrgcncc. ‘J’hc process can bc maclc

considcrab]y  mot-c  cfficicnt simply by averaging the current iteration estimate of r from (4) with

the previous itcrat ion csti mate to obtain a modified current iteration estimate of r which then is

substituted in (3) and in computing l.~$.

Approximate approach

A distinctly faslcr but ICSS accurate retrieval algorithm can bc derived by relaxing the

n~athcmatical  and physical rigor dcscribcd  in (3) and making sornc approximations. Star[ing from

(2), the cxprcssicm  for rcftcctcd  radiance can bc rewritten as

~~(–)1  ! P{,> 0- $() = ~-1 r(- 11} }[., $-@()) [Z~{lir (l[.) + fi’jW(IIo) ] + A(s }1-, Ilo, @-@o) (6)
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WIM.X ); ’)l,Y is the downward diffuse irradiancc including all multip]c  reflections bctwccn  the

surface and atmosphere, and A is a residual term,

n-] 1 2X
A(-p, }l., @-@o) = H r(- p, P’, $--$’) l.:jj (p’ ,P{,, @’--$O) II’ dy’ d&

0’0
1 2.lC

-  7C-] r(–p,  }10, $+)) H 1.;;; (V’ >Po, O’-O.)  P’ dp’ d$’ . (7)
0 0

Note that the integral in the last term in (7) is cqua] to E’)l,r. The residual A can bc small depending

cm the cbaractcristics of r (Iittlc dcpcn(lcnce  On incidcncc  and azimuth angles) m the amount  of

atmospheric opacity (small l.$~ ). NOW, if it is assumed that the surface behaves as a lambcrtian,.

scattcrcr when ccmsidcring multiple rcfhxticms  bctwccn  the surface and the atmosphere, then the

total incident irradiancc at the surface can bc written as

(8))

E,lv-is the incident diffuic  irra(iiancc  assuming no atmosphere-surface interaction (i.e., a black

surface), A is the hemispherical rcflcctancc (albcdo)  of the surface, and S is defined by

,= n-] J’$v’:r .v(p’,- p“, ($’-$”)  p’ d~(” d$” dp’ d$’ (9)

withs rcprcscnting the atmospheric rcflcctancc function for ra(iiaticm  scattcrcd  fmm the underside

of the atnmsphcrc.  I’hc sur~~cc, lIRP the.n can bc, cxprcsscd  as

[1.(-)1, PO> @--$,) - A(-+,  po, $-+.) ] [ 1- AS1
r(–p  , po, +--$0) = —— — _  — . . . - (10)

n-l [ l;,,, r(~l{)) + l“j~(po) 1

~ U-P, 11{,> 4+)) [ 1- As]- .—..__ . . ..——-— (11)
m-] [ l’:(,j,. (p,,) + qlfl(po) 1

w}]cn A is assumed small and is igtmrcd. ]ixprcssicm (1 1 ) is similar to the estimate of r dcscribcd

by (5) but includes the contribution of E,lfl  and an approximation for the multiple rcflccticms  of

radiation bctwccn  the surface and atn~ospbcrc.  With the dirccticmal hemispherical rcflcctancc A

defined as
1 2.n

A  (p{,) =_ n-] H r(- II, Ho, $+).) }1 dp do,
“0’0

(12)

(i



and inicgrating (11) in accmlancc  with (12), the albcdo  A is given by

A=-c
1 +-SC

where

(13)

(14)

G is the ratio of irradiancc leaving the surface 10 the incident (black surface) irradiancc.  Knowing

A fmm (1 3), ~ then can bc evaluated using(11 ). “l’his retrieval schcmc for r is cmc tO two m-dcrs of

magnitude faster than the mmc rigmwus, iterative version dcscribcd  prcvimmly. Since this relaxed,

ncm-iterative vcrsicm dots not inc]udc any incidcncc  angle dcpcndcncc of r (such dcpcndcncc

being ccmtaincd  scdcly in the ncglcctcd  parameter A), it generally will bc ICSS accurate than the

rigmws vcrsiOn.

Ratioing approach

It is infmmativc  to compare r in (11) with the cxprcssicm  for the cxpcrimcntal  dirccticmal

rcflcctancc factor, dcscribcd  earlier as the ratio of dirccticmally  rcflcctcd  radiance frcm the surface

to the nadir radiance frmn a rcfcrcncc target. Assuming that the rcfcrcncc target is ideally

lambcrtian, the rcfkxtcd  racliancc frmm the target can hc cxprcsscd by (6), rewritten as

Lrt,f (po) = 7t‘] [ E~/j~  (~lo) ‘~ ~~’jl~{~o)  1 (15)

where the IIRF r is hy dcfiniticm unity for an ideal latnbcrlian  surface and A is mm.  “J’hc ratiocd

radiance for the target Of interest then is

Notc that(16) is almost the same cxprcssicm as(10) and thcrcfm-c csscntiall  y dcscribcs the relaxed

algorithm when A is assumed to bc ncgligib]c.  If A is indeed negligible, interpreting the ratiocd

surface rcflcctancc mcasurcmcnts as bidirccticmal  rcflcctancc factors rcsu]ts  in a valid ccwrccticm

for atmospheric effects. I;icld mcasurcmcnts by Dccring and Flk (1987), however, clcad y show

that A can bc quite substantial under hazy conditions, thereby reducing the accuracy of the

7



dctcnnination  of r by the ratioing  tcchniquc.

II should bc noted that a conceptual difference exists bctwccn  (1 O) and (16) because the

reflection properties of the surface are considered tO bc lambertian  in the atmcwphcrc-surface

multiple reflection process dcscrjbing  the incident radiance in (1 O) whereas the true total incident

radiance is used in (16). A compariscm  of cmnputaticmal  results bet wc.cn  the two sit uaticms,

lmwcvcr,  showed cmly insignificant differences for the varjous  atmospheric ccmditicms  and surface

types ccmsidcrcd  in this study, indicating that a high dcgrcc  of accuracy still is retained when using

the lambcr(ian  approximation. Thus, (1 O) can be used as an equivalent rcprcscntaticm

of (1 6).

MIJLTJ-ANGI,Il RADIANCX  DATA SRTS

The rigorous and relaxed surface rcflcctancc rctrjcval  algorithms were applied to various sets

of simulated multi-angle radiances, cmnputcd  for different types of dirccticmally  reflecting

surfaces cwcrlain by an atmosphere containing aerosols.  ‘I%c bidirectional rcflcctancc factors

describing the surface rcflcclicm propcrlics were derived from mcasurcnlcnts, made under clear

skies of 11 distinct types of natural surfaces in AVIIRR wavelength bands 1 and 2 at 0.58-0.67 pm

and 0.73- 1.1 pm, rcspcctivcly (Kimcs, 1983; Kimcs et al., 1985a, b), providing 22 distinct BRF

cases to be analyzed in this study. The characteristics of the various BRP types arc listed in Table

1. These cxpcrimcntal  rcflcctancc factors, obtained by the ratioing  technique, arc not the actual

bidirectional rcflcctancc factms of the surface because of the impact of the A term effect discussed

above and also bccausc of angular smoothing effects due to the finite (1 2°) field-of-view of the

instrument. For the purposes of this study,  however, it can be assumed that the experimental

rcflccticm factors arc the true surface bidirccticmal  rcflcctancc factors.

‘1’hc mcasurcmcnts were made over the entire azimuth angle  range, starting fmm the principal

plane and proceeding in 45° increments, and cwcr the m,nith angle  range frmn 0° to 75° in 15°

increments for a total of41 measurements pcr solar mnith angle. TO guarantee reflection symmetry

through the principal plane, the mirror-image radiance pairs thrcmgh the principal plane  were

averaged, thus leaving a total of 26 indcpcndcnt  data points pcr mcasurcmcnt set. The scalar zenith

ang]c ccwcragc varjcd, depending on the surface type, but measurements were usual] y made at 3

or 4 different sun positions. Solar zenith angle ccwcragc for the complete set of 11 surface types

ranged bctwccn  23° to $2°. A 2-dinlcnsicmal  cubic splint intcrpolaticm  scheme then was applied to

these data sets to compute the BRF at arbitrary incidcncc and rcflccticm angles for usc in the

8



radiative transfer proccdurc.

Three different sun geometries were investigated, defined by solar zenith angles of 25.6°,

45.9°, and 64.0° and an azimuth an,glc @o of OO. The dirccticmal hemispherical rcflcctanccs for the

11 surface types in the two spectral bands and at the three sclcctcd  sun angles were ccmputcd by

integrating the BRF cwcr view angle according to (12) and arc displayed in the bar graph shown  in

Figs. 1a, b. They range from a low of 0.032 (soybeans, case 10 in band 1 at a sun angle of 45.90,

to a high of 0.621 (irrigated wheat, case S in band 2 at a sun angle of 64.00). The corrcspcmding

13RF cases also have a wide variety of shapes, ranging from strong  backward and forward

scattering to little or no angular variability. For example, soil (case 1 ) exhibits strong  backward

scattering in band 1 which is highly dcpcndcnt  cm sun angle, while a pine forest (case 7) exhibits

moderate forward and backward scattering in band 1 for most sun angles. These two sur(acc types

rcprcscnt the rcflccticm  variability cxtrcmcs for the cases in Table 1 and arc used as examples in

the subsequent retrieval analysis.

The atmospheric modc]s  used in the radiance sirnulaticms  contain both Raylcigh  and aerosol

scat tcring. The Ray]cigh  opacity was set to ().()49 for band 1 and 0.010 for band 2 with a standard

atmospheric scale height. ‘1’hc optical  properties of the acrmwds  were assumed to bc identical in

bands 1 and 2. The acroscd scattering was assumed to be Mic with a phase function dcscribcd  by

an asymmetry parmctcrgof0.517, a single-scattering albcdo  [t) of 1.0, and with a particle density

scale height of 2 km. A number of different aerosol opacities z were considcrcd, ranging frcnn 0.0

to 0.5.

Using the 22 surface BRF cases and the acrmxd-laden atmospheric models dcscribcd  ahovc,

simulated ground-level radiance data sets for a PARABOI,A-like instrument were computed using

a coupled atnmspbcrc-surface radiative transfer code with view angles set at the same values as the

cxpcrimcntal  dirccticma] rcflcctanccs rmtcd above. As a simplification, the simulated data sets do

not include the effects of a finite view solid angle. If the retrieval is to bc pcrfcmncd on a real data

set, however, it is straightforward to include an integration over view solid angle in the dcscribcd

retrieval algorithms.

lW1’RIJtVAL  RESULTS

In this part of the retrieval study wc first test the accuracy of the iterative retrieval schcmc

9

dcscribcd  by expressions (3), (4) and (5). TO achicvc  maximum accuracy in the retrieval process,

a cwnhincd data set was used which included the reflection mcasurcmcnts at all three of the noted



1, ,.’

,

solar zenith angles (25.6°, 45.9°, and 64.00). Use of the three sun angle sets together instead of

individually allows a more accurate computation of L,l,r as cxprcsscd by (3) since the sun angle

dcpcndcncc of r and L& more readily can bc taken into account. For the heavily laden aerosol

condition (~ = 0.5), the rctricvcd  dirccticmal rcflcctancc factors for the 11 BRF cases in band 1 arc

displayed in Fig. 2, cxprcsscd in terms of the fractional deviation 6 at each sun position.

‘l-hc fractional dcviaticm 6 for a given BRF type is defined as

b(p~ ) =
1
x

‘( Pi, U(I> $j+O)  -  ‘0( Vi, PO> $j+O)

K ij

A (po)

(17)

where r and r. are the rctricvcd  and true directional rcflcctancc factors rcspcctivcly, A is the true

directional hemispherical albcdo,  and N is the number of unique mcasurcrncnts (26 for the

dcscribcd  data sets) at the given sun position. Similar results to those of band 1 were obtained for

the BRF cases of band 2, as was trllc for all aspects of this study. Thcrcforc, in the interest of

lycvity, only the results from band 1 arc illustrated in this paper.

Although the irrigated wheat BRF (case 5) at 64.0° solar zenith angle in band 1 shows a

fractional dcviaticm as high as 0.096,  the average fractional deviation for the 22 BRF cases is under

0.03. Research into the cause of the much larger than average deviations associated with cases 1,

5,6 and 7 in Fig. 2 showed that the 13RF variation with incidcncc  angle for these cases was strong

and the 3 sun angle data sets used in the retrievals were not sufficient in number to totally account

for such a wide range of variation. Note also that from (17) the average error in the rctricvcd  BRF

is given by the product of ~(po)and  A(I~o). Thus, fm case 5 at 64.00 solar umith angle the average

BRF error is only 0.096  x 0.090= ().0086.

The directional hemispherical rcflcctanccs computed from the rctricvcd bidirectional

rcflcctancc factors for the 11 cases in band 1 arc shown in Fig 3 as a pcrccnt difference from the

correct values of Fig. 1, that is, 100% x (rctricvcd - true) / true). The largest errors in the

hcmisphcrica]  reflcctanccs reach about 8% but the average errors for all 22 BRF cases is just over

2%. Retrievals were also done on the data sets where the aerosol loading was not so great and the

rcsu]ts show the same trends as the heavy loading situation but with a steady improvement in

accuracy with decreasing aerosol opacity. For the data sets with an opacity of 0.1 there is about a

factor of two improvement in retrieval accuracy over those data sets with an opacity of 0.5, for both

the individual EIRF cases and the directional hemispherical rcflcctanccs.

1()
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‘1’o dctcrminc how sensitive the retrieval results arc to sun qnglc covcragc of the measurements,

retrievals were pcrfonncd on the same data sets as above but used only a single sun angle data set

pcr retrieval trial. Thus, three indcpcndcnt trials were run at each of the spccificd  sun angles. This

method implies that the p’ dcpcndcnce in the integral of (3) is replaced by the constant p. of the

particular sun geometry being considered in the retrieval process, but that the azimuthal angle

dcpcndcncc +–Q’ for that sun geometry is still maintained within the inlcgral.  This is, thcrcforc, an

intcrmcdiatc case bctwccn  that of the rigorous retrieval algorithm which considers the full p’, @–@’

dcpcndcncc of r by using multi-angle sun geometry data sets and the relaxed algorithm which

rcplaccs the p’, $-$’ dcpcndcncc  with the particular po,$–$o  of a single-angle sun geometry data

set. Fig. 4 shows the retrieval results in band 1, cxprcsscd  as fractional dcviaticms,  using this

intcrmcdiatc retrieval algorithm on those data sets produced with an aerosol opacity of 0.5. The

corresponding results for the same data sets but using the relaxed algorithm dcscribcd  by (11) arc

displayed in Fig. 5. Sample comparisons in accuracy bctwccn  the various algorithms of the

rctricvcd directional rcflcctancc factors in the principal plane arc illustrated in Figs. 6, 7 and 8 for

the individual cases of the plowed field, irrigated wheat, and the pine forest, rcspcctivcly, at a solar

zenith angle of 64.00. A significant reduction in accuracy is evident when the results from either of

these two alternative algorithms arc compared to those from the rigorous algorithm. This accuracy

degradation also applies to the rctricvcd  directional hemispherical rcflcctanccs, displayed in Figs.

9 and 10, when using cid~cr  the intcrmcdiatc  or relaxed algorithm. For those data sets produced

with progressively smaller aerosol opacities, the retrieval results followed the same trends as those

illustrated for the data sets with an opacity of ().5 but with systematically increasing accuracy. The

retrieval results for the data sets with an aerosol opacity of 0.1, for example, were three to four

times rnorc accurate than the results in Figs. 5 through 10.

From these trials it can bc concluded that retrievals using combined multi-angle sun

geometry data sets produce results with greater accuracy than retrievals using only a single sun

angle data set. In turn, when a single  sun angle data set is proccsscd, the intcrmcdiatc retrieval

algorithm generally is more accurate than the relaxed algorithm. These conclusions arc particularly

true for those BRF cases which have a strong dcpcndcncc  on both solar zenith angle and solar

azimuth angle, a good example being, that of soil as disp]aycd  in Fig. 6. When the solar angle

dcpcndcncc  is ICSS  cxtrcmc, as in the case of the pine forest 13RF case shown in Fig. 8 which

ncvcrthclcss has a significant view angle dcpcndcncc, the retrieval results from the various

algorithm versions dcscribcd  here tend to bc more similar to each other.



The trials also showed that the amount ofatmosphcric  opacity can strongly influcncc the

accuracy of the retrieval results, depending on the version of the algorithm used. Fig. 11 shows a

summary of the retrieval tests for both the rigorous and rc]axcd algorithms, illustrating the

dcpcndcncc of the case-averaged fractional deviation 5 on the amount of aerosol opacity. The

corresponding results from the intcrmcdiatc algorithm are not shown to avoid clutter but they tend

to fall in the gap bctwccn  those from the other two algorithms. For no aerosol the case-averaged/5

is about 0.003, duc to computational errors accrued during the removal of the cffcets of the

llaylcigh  opacity. When the aerosol opacity is on the order of 0.1 or ICSS, both the rigorous and

intcrmcdiatc algorithms have essentially the same accuracy and the relaxed algorithm only a little

lCSS accuracy. Thus, the ratioing  proccdurc,  applied to field mcasurcmcnts taken under light aerosol

loading, (in cffcet, an application of the relaxed algorithtn)  results in atmospherically corrcctcd

cxpcrimcntal  rcflcctancc factors which arc reasonable representations of the true surface

bidirectional rcflcctancc factors. For those mcasurcmcnts, however, made when the atmospheric

opacity is substantial (O. 3 and greater), the accuracy of the atmospheric correction process can bc

scvcrcly compromised if the ratioing  tcchniquc  is employed. Under these conditions the

intcrmcdiatc algorithm should bc used if the mcasurcmcnt set include only onc sun angle. When

mcasurcmcnts at more than onc sun angle arc available, the

algorithm is preferred.

It should be emphasized that multi-angle sun geometry data

more rigorous iterative retrieval

sets will gcncrall  y have different

aerosol conditions associated with each sun angle set. This may occur because the aerosol amount

changed duting the course of a day’s worth of mcasurcmcnts or CISC  data sets from different days

arc combined. This presents no problcm  to the usc of the rigorous algorithm since each particular

sun, angle data subset of the combined data set is proccsscd using either an atmospheric model

appropriate for the atmospheric conditions when the mcasurcmcnts were taken or CISC using the

actual mcasurcmcnts of the downward diffuse radiance.

I]ISCIJSSION

The rctricva] trials dcscribcd  above show that BRF accuracies of 370 or better can bc achicvcd

when all other factors arc strictly controlled. In particular it was assumed that the atmospheric

conditions were prcciscly known and thcrcforc  did not compromise the accuracy of the retrieval

results. If ancillary atmospheric mcasurcmcnts arc taken in the same time period as the surface

rcflcc’tancc mcasurcmcnts, they typically include only sun photometry to dctcrminc the spectral



aerosol opacity. Generally no other kinds of mcasurcmcnts are made from which to obtain

additional aerosol information such as spectral single scattering albcdos  and phase functions.

The impact of uncertainties in the atmospheric parameters on surface BRF retrieval is

illustrated in Figs. 12 and 13. Fig. 12 shows the fractional deviation 6 assuming the same retrieval

conditions as those that produced Fig. 2 except that an aerosol single  scattering albcdo  m of 0.9 was

used instead of 1.0. NOte the strong, systematic solar zenith angle dcpcndcnce  of 5, averaging more

than 0.13 at 64.0° and rcccding to less than 0.06 at 25.6°. The corresponding directional

hemispherical rcflcctanccs show a similar trend with an average pcrccnt difference of more than

11% at solar zenith angle of 64.0° and about 5% at 25.6°. Fig. 13 shows a similar trend when, again,

the correct atmospheric conditions were assumed in the retrieval cxccpt that an aerosol phase

function asymmetry parameter g of 0.714 was used instead of 0.517. Again, the incrcasc in 3 with

solar xmith angle  is evident, the average ranging from about 0.08 at 64.0° down to about 0.04 at

25.6°. The corresponding directional hemispherical rcflcctanccs arc systematically smaller than

the correct values with the average percent diffcrcncc  being almost -9% at solar n.mith angle of

64.0° and about  -3% at 25.6°.

A useful field data set which can help validate the aerosol model used in the surface retrieval is

mcasurcrncnts of the downward diffuse sky radiance in a number of different directions. The value

of an instrument like PARABOLA is its ability to measure diffuse sky radiance over most of the

upward-looking hcmisphcrc during the course of measuring the surface reflected radiance. When

a subsequent surface retrieval is done using a particular aerosol model, it is straightforward to

compute the associated downward radiances to which the measured sky radiance values can bc

compared. Fig. 14 shows such a comparison of downward diffuse radiance in the principal plane

for the three aerosol models previously considcrcd, namely the correct model (o)= 1.0, g = 0.517),

and its two variations (O=: 0.9, g = 0.517) and (m= 1.0, g = 0.714), all with an aerosol opacity of

0.5. The radiances for surface BRF case 1 (plowed field) at solar zenith angle  25.6° is illustrated

but similar radiances at the same solar zenith angle arc obtained for the other surface types. It is

clear that the diffcrcnccs in the downward diffuse radiance predicted for the two variant aerosol

models from that of the correct model directly account for the incrcascd  BRF retrieval deviations

of Figs. 12 and 13 as compared to Fig.2. This problem of needing to know the atmospheric

propcrlics as a necessary condition for accurate surface rcflcctancc retrievals can bc completely

bypassed, however, by making usc of the measured downward diffuse radiances directly in the

rigorous retrieval algorithm, as dcscribcd  earlier.
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The only other major factor affecting the accuracy of the surface retrieval is the quality of the

racliomctric  calibration of the instrument. 13vcn if both the upward rcflectcd surface radiance L and

the incident diffuse radiance L$j arc simultaneously measured by the same instrument, it can bc

seen from expressions (4) and (1 O) that the bidirectional rcflcctancc  factors, rctricvcd  by either the

rigorous or relaxed forms of the algorithm, are directly affcctcd  by errors in the radiomctric

calibration. This is due to the fact that the direct imadiancc EcljJ  is normally dctcrmincd  by means

of another instrument such as a sun photometer. However, the ratioing  tcchniquc,  dcscribcd  by

expression (16), is completely insensitive to any radiornctric  calibration errors bccausc both the

direct and diffuse radiance arc cffcctivcly measured by the same instrument by means of the

rcfcrcncc target. Rewriting (16),

a genera

also ma~

U-II, I-10, 4H)o) - A(-P,  PO, $-$.)?-(+I,  p(j, ()+0) = (17)
I.ref (po)

form for r with no approximations. If downward diffuse radiance mcasurcmcnts L); are

~ in addition to L and Lrc,f, then A, dcscribcd by (7), has the same calibration accuracy as

L and L,c,~ and the evaluation of r via (17) will bc insensitive to calibration errors. If the rcfcrcncc

target is on] y approximately an ideal lambcrtian reflector, Lref in ( 17) can bc rcplaccd by L’\.f where

= “ (PO) +  “’dijtUO)ln-1 [ hdir (18)

and rr,,f is the known BRF of the refcrcncc target. Expressions (7), (17) and (18) then bccomc the

prcfcrrcd algorithm equations instead of (3) and (4) for obtaining the highest accuracy in retrieved

surface rcflcctancc.  Multi-directional mcasurcmcnts of L~~ thus serves three major purposes: 1 )

ihcy eliminate the need to know the atmospheric charactclistics of the atmosphere; 2) they

eliminate the sensitivity of the rctticvcd surface rcflcctanccs to instrument radiomctric calibration

unccrtaintics,  when used in conjunction with rcfcrcncc target mcasurcmcnts;  and (3) they eliminate

14



the need to compute L$~  using complicated, time-consuming, multiple scattering radiative

transfer routines. Measurements of L~fi have an additional intrinsic accuracy in that they correctly

account for the multiple reflections of radiation hctwccn  the atmosphere and terrain surrounding

the target without the need to assume that the terrain surface rcflcctancc properties arc the same as

those of the target. This ability to bypass detailed knowledge of the atmosphere, the surrounding

terrain, and the instrument calibration and still bc able to perform an accurate surface 13RF retrieval

should bc sufficient inccntivc  for making multi-directional downward diffuse radiance

mcasurcmcnts an integral part of surface 13RF field work.

Once the surface BRF is accurately rctricvcd  it then is possible to analym the downward diffuse

mcasurcmcnts with regard to retrieving aerosol optical properties. Fig 14 indicates that the

dcpcndcncc of diffuse radiance with view zenith angle is strongly dcpcndcnt on the properties of

the aerosols, particularly the phase function asymmetry which, in turn, depends on the particle siiw

distribution. For a solar zenith angle of 25.6° the aerosol phase function which is more strongly

forward scattering (g=O.7 14) produces an aurco]c about the corresponding view ~cnith angle which

is essentially absent from the other, ICSS forward scattering, aerosol phase function (g=O.5 14).

lnvcrsion techniques applied to aureole mcasurcrncnts  for the retrieval of aerosol siz~ distributions

have been investigated previously, (e.g. Green et(JI.(1971 ); Dccpak (1977)). However, the analysis

usually is limited to a relatively small angular range (about 20°) from the position of the sun where

single scattering dominates. If the diffuse radiance mcasurcmcnts covering essentially the

complctc upward hcmisphcrc arc to bc concct]y  ana]yzcd,  then the additional effects of multiple

scattering, surface-atmosphere reflections, and finite instrumental field-of-view must bc

adequately addressed.

A successful retrieval of the aerosol single scattering albcdo  using diffuse radiance

mcasurcmcnts is highly dependent on the quality of the radiomctric calibration of the instrument.

A comparison of the diffuse radiance curves in Fig. 14 with o) = 1.0 and 0.9 shows basically a

scaling diffcrcncc bctwccn  thcm, an effect which could easily bc masked by instrumental

calibration errors or uncertainties. When the aerosol opacity is smaller than 0.5, the value

illustrated in Fig 14, this diffcrcncc  bccomcs  corrcspondingl  y smaller and more difficult to discern.

Ncvcrthclcss, in spite of the problems in the interpretation of multi-directional downward diffuse

radiance mcasurcmcnts, these data sets contain information about  aerosol properties that is difficult

to obtain otherwise.
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StJMMARY

It is possible to rctricvc accurate bidirectional rcflcctancc factors using multi-directional

rncasurcmcnts of surface rcflcctcd  mdiancc provided certain observational and measurement

strategies arc employed. Simulated ground  Icvel surface rcflcctancc mcasurcmcnts,  uniformly

gridded  in view angle over the whole downward-looking hcmisphcrc, were used to show that the

accuracy of the rctricvcd  surface properties (hidircctional  reflectance factors and directional

hemispherical rcflcctancc) was greatly improved if these griddcd  surface rcflcctancc mcasurcmcnt

sets were available over a wide range of solar zenith ang]cs and were used together in the retrieval

algorithm. When a griddcd  set at a single sun position was analyzed separately, the accuracy of the

resulting surface property retrieval was diminished to an extent depending on how sensitive the

13RF was to the incident angle geometry; high sensitivity rcsullcd in larger inaccuracies.

A rigorous retrieval tilgorithm  involving iteration was dcscribcd  which prcscrvcd the full extent

of the angular geometry of the surface BRF in the ra(iiativc transfer process and included all

atmosphere-surface reflection effects. A relaxed version of the algorithm was also derived, having

the virtues of speed and greater simplicity, but confining approximations which allowed the

p~occssing  of griddcd  nmasurcrncnt  sets at only a sing,lc solar zenith angle. It produced retrieval

rcsu]ts which, in general, were lCSS accurate than those from the rigorous algorithm when also

processing only a sing]c  sun position mcasurcmcnt set. The tcchniquc  of ratioing the surface

rcflcctancc mcasurcmcn[s of a target with unknown surface propcrlics  to those from a rcfcrcncc

target with idcd or near-ideal lan~bcr(im rcflcctancc  properties was shown to bc essentially the

same algorithm as the rc]axcd a] gorithm.  The di ffcrcncc bet wccn thcm is that the relaxed algorithm

must compute the diffuse and direct irradianccs whereas the ratioing tcchniquc essentially

measures thcm.

This study foun~i that a kcy mcasurcmcnt set, ncccssary for both accurate and efficient surface

property retrievals, is that containing ground  lCVCI rnulti-directional downward diffuse radiances,

griddcd  over the upward-looking hemisphere in a similar fashion to the surface reflectance

mcasurcmcnts. These mcasurcmcnts obviate  the need for detailed know]cdgc of the atmospheric

optical properties and the surrounding terrain rcilcction propcrlics, both ncccssary inputs to the

computation of downward diffuse radiances, and also the rmcd to perform any detailed radiative

transfer computations. In addition, if these griddcd  radinncc  mcasurcmcnt sets, both upward and

d o w n w a r d  dircctccl, arc complcmcntcd by rcfkctancc mcasurcmcnts from a known,

16



near-lambcrtian rcfcrcncc target, then the surface propcr[y  retrievals arc also insensitive to

instrument radiomctric calibration errors.

The author would like to express his appreciation to Eric Danielson for his assistance in the
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Tat-de  1. Surface 13RF Characteristics

Case

1

2

3

4

5

6

7

8

9

10

11

Cover Type

Plowed field

Grassland

Steppe grass

I lard wheat

Irrigated wheat

Hardwood forest

Pine forest

Lawn grass

Corn

Soybeans

orchard grass

Location

Tunisia, Africa

Tunisia, Africa

Tunisia, Africa

Tunisia, Africa

Tunisia, Africa

Bcltsvi]lc,  Maryland

Bcltsvillc,  Maryland

Bcltsvillc,  Maryland

Bcltsvillc,  Maryland

Ilcltsvillc, Maryland

13cltsvillc,  Maryland

Height (cm) Coverage (%)

<3

38

46

76

1100

2200

14

33

77

22

<5

18

11

70

75

79

97

25

90

50

20
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FIGURE CAPTIONS

Figure 1a. Histogram of directional hcmispbcrical  rcflcctancc (albcdo)  in band 1 for the surface

BRF cases listed in Table 1. The rcflcctanccs for three different solar zsnith  angles arc displayed

for each case.

Fig.1 b. Same as Fig. 1 a cxccpt rcflcctanccs arc for band 2.

Figure 2. Retrieval of 13RF in band 1 cxprcsscd as average fractional deviation (SW text) using the

rigorous, iterative algorithm and the combined rcflcctancc data sets at the thmc solar zenith angles.

Figure 3. Pcrccnt diffcrcncc in directional hemispherical rcflcctanccs in band 1 computed from

rctricvcd  bidirectional rcflcctancc fact&s using the rigorous algorithm.

Figure 4. Retrieval of 13RF in band 1 using the intcrmcdiatc algorithm indcpcndcntly on each of

the rcflcctancc data sets at the tbrcc solar zenith angles.

IJigurc 5. Retrieval of BRF in band 1 using the rc]axcd, non-iterative algorithm indcpcndcntly on

each of the rcflcctancc data sets at the three solar zenith angles.

Figure 6. Rctricvcd  BRF in band 1 in the principal plane for case 1 (plowed field) using the rigorous

(triangles), intcrmcdiatc (squares) and relaxed (stars) algorithms. For comparison the correct BRF

is also shown (diamonds)

Figure 7. Same as Fig.6 but for case 5 (irrigated wheat).

Figure 8. Same as Fig.6 but for case 7 (pincwood  forest).

Figure 9. Pcrccnt diffcrcncc in directional hemispherical rcflcctanccs in band 1 computed from

rctricvcd  bidirccticmal  rcflcctancc  factors using the intcrmcdiatc algorithm.

Figure 10. Pcrccnt diffcrcncc in directional hemispherical rcflcctanccs in band 1 computed from

rctricvcd  bidirectional rcflcctancc factors using the relaxed algorithm.

Fig 11. Rctricvcd  BRF fractional deviation, averaged over the 22 cases, as a function of aerosol

opacity. Both the rigorous (solid lines) and relaxed algorithm (dashed lines) results arc shown for

the three solar zenith angles (64.0°, diamonds; 45.9°, triangles; 25.6°, squares).

Fig. 12. Retrieval of IIRF in band 1 using the rigorous algorithm, the combined rcflcctancc data

sets at the three solar rcnith angles, and a modified aerosol mode] in which (I) = 0.9 instead of 1.0.

Fig. 13. Retrieval of BRF in band 1 using the rigorous algorithm, the combined rcflcctancc data



,, ~.,

sets at the three solar zenith angles, and a modified aerosol model in which g = 0.714 instead of

0.517.

Fig. 14. Downward diffuse radiance in the principal plane for BRF case 1 (plowed field) and a solar

zenith angle of 25.6°. The radiance is ratiocd to the normal irradiancc  at the top of the atmosphere.

The nominal aerosol model is shown (diamonds) in addition to the two variant models dcscribcd

in the text (0 = 0.9, triangles; g = 0.714, squares).



.

—. ——— —. —__ —..

m 1[[1 El

[“--”----lw. . .

h
—.

,Ju J!
~- -.-? -

‘w.

&. . 3 IJ !

[- “’-- “’- - ‘“-”’”’
-.

~

[“””” “---””-”-”-”-”--”-- ““ “-””“’UI~, *,. -,,, ,,

[G
—..——...—— .

I ,11, u 111.ulilu. ~“” “

} 1 I n
1 n 1

@ C9 m F o
G o 0 0 0

aauepqp~
pxqmqdsy.q+  p?uolpcma. .

o

co

r+

co

m

m

N

(u



m

co

E

C9

ml

a)
5Cn.-

LL



Omu)
4“”
m z R

Imlnllrl I

Iii
i
d~-. _
0

K)

0)

m

a)
u)

“s

N
a)
5rn.-LL

m

N



.

.-

a)

m
c0.-

10

8

6

4

2

0

-2

-4

■ 64.0

z 45.9

1234567 891011

Case Number

Figure 3



■ l m r l

[

v. . ..—

. . .

-

~.- -—

r-----------I

, -.. T-.—

-b-~-..
“--” I

Ill

L

+

Ii
. . .

W

L
-.— .—— .
.. —.— —..

‘ -

t n 1 1 1 n 1 1 1
1 1 1 a I E a 1

1

N T o
0 0



.

0.4

0.3

6 0.2

■ 64.0

E 45.9

❑ 25.6

0.1

0

1 2 3 4 5

Case
6 7

Number
8 9 10 11

Figure 5



‘{,$’

m
a)’
3
0

-ii

,/

i ’I
*
I I
i I

I I

/

.
.“ /“ /.“,“ / /’.“ / /’<’”: q *

H-\\ I
i

I !,* I\ I
I A I d I I 1~

0 c> 0 0 0 0E U3 u) +- m R r - 0
0

0

Lf)~..—

-c
4J



u

:.—
-w
0
0
L.—
-u.—
m

0.30

0.25

0.20

0.15

. --

. .

0.10

0.05

0.00

.

I I I I 1 I I I I

Case 5: Irrigated Wheat -

-.

.

\  “’.
-,

/

I

I

75 60 4-5 30 15 0 15 30 45 60 75
backward scattering

V i e w  Zenith Angle forward scattering

Figure 7



-1-J
u)
p

2
-u
o
0
3
a)
C

● —
m

a)
Cn

(s

II — I I

I I

o l-n o
ml T--- ?

0 0 0

Ln
0
0

L.
0:

- 0

0
t)
m



,. ’.’

.

—— ___. _.. .__. . .

~1--”- “-”---
.-.

II

‘-”----”””+’’’’”UIIIIIILIIII
“7

■ [Ill u

- [11111111
[-.

—.. —
h

--1

Ulllllllllllllll m’

111111 d
“h

E_
-—”lllnrllllllllllllllllill

I

7“’
*,,. ::.-

11——
1

1 I ,m II
I

I 1
I

0 u) 0 0 LO 0 m

0
w-

Ua

m

b=

m

m

e

C9

CN



n

1 5

1 0

5

0

- 5

- 1 0

- 1 5

- 2 0

.

1

w 64.0

❑ 45.9

I

2 3 4 5 6 7 10 11

Case Number

Figure 10



I Y 1 ‘ ~~--r———T—T——
\ \ \ \ \ \ ,

+ \\ \\\ \\\ \\\ ,\\ \\\ \\\ \ \\
\ \\.\

t

\
,\

\ ’
\\ ‘,
\\
,\
,\

b t{ $\
\ \ \
\ \ \
\ \ \
\ , \\ , \\

\ \\\ \\ \ , \
b, q+

\ \\\ \\\ \’\
\ \\
\ , \
\ \’
\ ,\
\ \\

W&
\ \\
\ \\

b,

—

c1 o co u) d- N 0
x---- s--- 0 0 0 0 0

0 0 0 0 0 6 0

0.-+

0

0
-i--.
0

0



. *-

.X
- -

‘-.

0.2

6 0.1

0

1

I

I

2

1

4
3 4

n

4
5

Case
6 7

Number
8

■ 64.0

❑ 25.6,
I

9

7

10 11

Figure 12



.

0.2

6 0.1

0 4k
1 2

‘ ■ 64.01

= 45.9 i

3 4 5

Case
6 7 8 9

Number
10

1

4
11

Figure 13



I

I//

/
0

0
0

0

\

‘m,
. \

-—
a).—

Ll-

-. \

3
. ---
:0

tn-
\
\
\

. .
7

a.)
(n

(3
I
I
I

+jl

r=
+.

o
0
00 0 0


